Salt stress is one of the severest growth limited-factors to agriculture production. To gain in-depth knowledge of salt-stress response mechanisms, the proteomics analysis from two maize (Zea mays L.) inbred lines was carried out using twodimensional gel electrophoresis (2-DGE) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/TOF-MS). There were 57 salt-regulated proteins identified, 21 and 36 proteins were differentially regulated in inbred lines 'Nongda 1145' (salt-resistant) and 'D340' (salt-sensitive), respectively. The identified proteins were distributed in 11 biological processes and seven molecular functions. Under salt stress, proteins related to antioxidation and lignin synthesis were increased in both inbred lines. The relative abundance of proteins involved in translation initiation, elongation, and protein proteolysis increased in 'Nongda 1145' and decreased in 'D340'. In addition, the abundance of proteins involved in carbohydrate metabolism, protein refolding, ATP synthase and transcription differed between the two inbred lines. Our results suggest that the enhanced ability of salt-tolerant inbred line 'Nongda 1145' to combat salt stress occurs via regulation of transcription factors promoting increased antioxidation and lignin biosynthesis, enhanced energy production, and acceleration of protein translation and protein proteolysis.
INTRODUCTION
Salt stress is a serious constraint factor for plant growth and agricultural productivity on a global scale. Salinity probably affect 6% of the world's total land and 20% of cultivated land area (Munns and Tester, 2008) . The consequence of plants undergoing salt stress is slow growth and even plant death (Munns and Tester, 2008) . Enhancement of crop salt tolerance is consequently an urgent priority (Peng et al., 2009 ). An understanding of plant response mechanisms under salt stress would provide valuable information for improving stress tolerance.
Plant salinity response is a complex phenomenon involving various physiological, biochemical, and molecular processes (Greenway and Munns, 1980) . The injuries induced by salt stress are controlled by a chain of gene expression and proteomic changes. Identification of salt stress-induced protein-level changes is thus a very important approach for understanding the molecular mechanism of response to salt. Plants possessing different genotypes have different abilities to survive salt stress and rely on various adaptive mechanisms to alleviate salt injury. In a comparative study of two soybean (Glycine max [L.] Merr.) cultivars under salt stress, a salt-tolerant soybean cultivar exhibited higher ability to scavenge reactive oxygen species, supply energy, produce ethylene, and to enhance photosynthesis . In wheat (Triticum aestivum L.), V-ATPase, which provides the driving force for compartmentalization of Na + to alleviate ion toxicity, and TCTP, designated as a stress-related protein, were found to be more abundant in the salttolerant cv. Jing-411 than in salt-sensitive CS (a Chinese wheat variety) .
Maize (Zea mays L.) is an important food, fodder, and cash crop in the world. Globally grown under a wide range of climatic conditions, is sensitive to salinity (Maas and Hoffman, 1977) . The root is a vital organ for plants functioning in plant positioning and nutrition uptake, and also the first site for salinity sense, responsible for tolerance to salt stress (Rajaei et al., 2009) . Investigating of proteomic expression in different salt resistance maize root would give us insights into molecular mechanism in maize salt tolerance. The common maize inbred line D340, which is widely applied in breeding experiment, is sensitive to salt (Xu, 2010) . In contrast, 'Nongda 1145' ('N1145'), an important inbred line widely used in Chinese maize breeding, was identified as salt tolerant in our previous study (Hao et al., 2013) . In this study, we conducted a comparative proteomic analysis of 'N1145' and 'D340' roots after exposure to salinity conditions. To serve the purpose of illuminating molecular mechanisms of maize salinity stress response, two-dimensional gel electrophoresis (2-DGE) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/TOF-MS) were adopted to analyze protein expression profiles and identify differentially expressed proteins of roots of maize seedlings treated with NaCl.
MATERIALS AND METHODS

Plant materials and salt treatments
Seeds of two maize inbred lines, (salt-tolerant inbred line 'N1145' and salt-sensitive inbred line 'D340') were cultivated on plastic trays (50 × 50 × 5 cm) containing quartz sand, seedlings grown in a greenhouse at the Jiangsu Yanjiang Institute of Agricultural Sciences, with the natural daylight condition, temperature 28-35 °C (day) and 16-20 °C (night), relative humidity between 65% and 80%. At first-leaf expansion, seedlings were supplied with nutrient solution. At the two-leaf seedling stage, 15 uniformly seedlings were transplanted to 30 L plastic containers (60 × 40 × 25 cm) filled with aerated Hoagland nutrient solution. The nutrient solution was renewed every 4 d.
At the three-leaf stage, every maize inbred line seedlings were subjected to two treatments: 0 mM NaCl (control) in nutrient solution and 150 mM NaCl in nutrient solution. Each treatment was performed with three replicates. After 3 d of NaCl treatment, maize seedling roots were used for the proteomic analysis. Biomass parameters of the maize seedling roots were measured after 7 d of NaCl treatment.
Biomass measurement and data analysis
We measure the fresh weight (FW) of maize shoots after NaCl treatment for 7 d. After measurement of FW, shoots were maintained in an oven at 105 °C for 15 min and then at 80 °C for 72 h. Shoot dry weight (DW) were then measured. Statistical comparisons were performed by ANOVA followed by the LSD test with a p < 0.05 significance level using SAS software (SAS Institute, Cary, North Carolina, USA). Fresh weight and DW were calculated as means ± SE (n = 15).
Two-dimensional electrophoresis
Root proteins were isolated by phenol extraction according to the procedure of Carpentier et al. (2005) . The manual gained from General Electric Healthcare Life Sciences (Little Chalfont, UK) was adopted for two-dimensional gel electrophoresis (2-DGE) of protein sample.
Protein spot images were visualized using silverstaining and scanned at 300 dpi with a UMAX PowerLook 2100XL scanner (Maximum Tech, Taiwan, China). We used Image Master 2D Platinum software version 5.0 (Amersham BioSciences, Little Chalfont, UK) to analyze image. Protein spots which possess good repeatability and significant differences in abundance (changes in volume % ≥ 1.5-fold and p ≤ 0.05 between different treatments) were excised from gels and then stored at -4°C for mass spectrometric analysis.
In-gel digestion and MALDI-TOF/TOF-MS analysis ABI 4800 proteomics analyzer (Applied Biosystems, Framingham, Massachusetts, USA) was used to identify proteins by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/TOF-MS). The resulting peptide mass lists were searched against the National Center for Biotechnology Information (NCBI, Bethesda, Maryland, USA) maize sequence database (http://www.ncbi.nlm.nih.gov/). The significant matches which the MASCOT probabilistic analysis (p < 0.05) determined were accepted.
RESULTS
Morphological and biomass changes under salt stress
To study the two different maize inbred line seedling response to salt stress, seedlings of 'N1145' and 'D340' were treated at the three-leaf stage with NaCl for 7 d. After salt treatment, 'D340' plants were more wilted than those of 'N1145' and exhibited obvious chlorosis; in addition, shoot FW and DW were decreased more in 'D340' than in 'N1145' (Figure 1 ). Under salt stress, FW of 'N1145' shoots was only reduced to 90.01% of the non-salt control, a non-significant difference; on the other hand, FW of 'D340' under salt stress was significantly reduced to 56.95% of the control. Similarly, DW of 'N1145' shoots under salt treatment was 97.07% of the non-salt control, a non-significant difference, but was significantly reduced to 63.84% in 'D340' under salt stress. These results clearly demonstrate that salt stress reduced shoot biomass and inhibited plant growth in 'D340' seedlings, but had no discernible effect on 'N1145'.
NaCl-Responsive proteins
We conducted a proteomic study to further analyze maize response to salt stress, and observed a consistent protein expression pattern on the resulting gels. There were 72 proteins showed more than 1.5-fold differences (p < 0.05) in expression values under salt stress compared with the control (Figure 2 ). In total, 26 and 46 proteins were differentially expressed in 'N1145' and 'D340', respectively ( Figure 2 ). In 'N1145' under salt stress, the abundance of 14 proteins was increased and 12 proteins decreased. In 'D340', 26 proteins increased in relative abundance and 20 proteins decreased. The majority of changed spots could be easily observed in 'D340'.
Protein identification
The MALDI-TOF/TOF-MS was applied for analyzing the 72 differentially expressed proteins. Fifty-seven of 72 proteins matched very well; 15 did not. Table 1 shows the results of database search. A great amount of the matched proteins have functional annotations in the databases (NCBI or Protein Information Resource, PIR), whereas 10 proteins (spots B6, B8, C1, C2, C8, C16, D1, D3, D4, and D11) did not be annotated described as unknown or hypothetical protein (Table 1) Figure  3A) , carbohydrate metabolic were the highest proportion (47.4%) of GOBP, which included carbohydrate hydrolysis, pentose phosphate pathway (PPP), and pyruvate processes. Nucleotide metabolism, amino acid and nitrogen metabolism, protein metabolism, and transcription and translation-associated proteins were the second most highly enriched set of GOBP groups. With respect to GOMF categories, enzyme activity (including catalytic activities, kinase activity, and isomerase activity) represented the largest fraction (73.7%) followed by binding activity (including RNA, DNA, and NADP) (15.8%). The salt stress-regulated proteins in 'D340' (Figure 3B ), the highest proportion of GOBP category was protein metabolic processes (24.1%). Redox homeostasis (13.8%) and carbohydrate metabolism (13.8%) were the next highest proportion of GOBP categories. The top two GOMF categories were catalysis enzyme activity (60.0%) and ATP-binding activity (20.0%). According to this analysis, NaCl-responsive proteins in 'N1145' and 'D340' had approximately similar functional distributions. 
DISCUSSION
Antioxidative reactions
The oxidative damage of plant is triggered by salt stress (Abogadallah et al., 2010) . To combat salt stress, plants adopt complex antioxidant defense system inducing antioxidant enzymes and antioxidants. In this study, three identified protein spots were related to antioxidative defense system in maize roots under salt stress. In particular, abundances of protein spots B9 in inbred line N1145 and D15 and D18 in 'D340' were significantly (p < 0.05) up-regulated in seedling roots of the two maize lines under salt stress. We identified the three protein spots as protein disulfide isomerase (PDI), which involves in the pathway of thioredoxin redox and severs as a important part of antioxidative defense system (Wan and Liu, 2008) . The antioxidative defense system can reduce salt stressinduced reactive oxygen species (ROS) concentrations and protect the plant from oxidative stress. The antioxidant PDI has also been found to be impacted by salt stress in soybean. Under salt stress, PDI was shown to be upregulated in leaves of the salt-tolerant soybean genotype 'Lee' but down-regulated in salt-sensitive 'Jackson' . These results indicate that maize plants can better acclimate to salt by stimulating their antioxidative defense system.
Secondary metabolism
O-methyltransferase is a key enzyme in the biosynthesis of lignins, flavonoids, and other secondary metabolites. Caffeoyl-CoA3-O-methyltransferase, catalyzing the methylation of caffeoyl-CoA into feruloyl-CoA, is a lignin biosynthesis precursor (Whetten and Sederoff, 1995) . In this study, protein spots B3 (identified as caffeoylCoA 3-O-methyltransferase) and D9 (corresponding to O-methyltransferase) were significantly up-regulated under salt stress in seedling roots of 'N1145' and 'D340', respectively. This observed increase in O-methyltransferase protein suggests that lignin biosynthesis is affected by salt. Touzet et al. (1996) have reported increased amounts of O-methyltransferase in drought-affected maize plants, and induction of O-methyltransferase in maize leaves under water deficit has also been observed (Riccardi et al., 1998) . This enzyme has also been found to be involved in response to infection due to pathogen attack (Maury et al., 1999) . These results indicate that lignin biosynthesis plays a crucial role in plant response to adverse environmental conditions. In this study, O-methyltransferase was upregulated in both salt-tolerant and salt-sensitive maize inbred lines. Our observations suggest that this enzyme may increase lignin amounts by lignification, promoting thereby strong seedling growth and resistance to salt stress-induced injuries. Flavonoids are involved in a vast array of plant biological functions associated with defenses against biotic and abiotic stress (Harborne and Williams, 2000; Winkel-Shirley, 2002; Taylor and Grotewold, 2005; Lepiniec et al., 2006; Pourcel et al., 2007; Xu et al., 2008) . The abundance of one key flavonoid pathway enzyme, chalcone isomerase (CHI; protein spot C9), was downregulated under salinity stress in our experiment in saltsensitive 'D340', but remained unchanged (p > 0.05) in seedling roots of 'N1145'. The decrease in CHI activity led to decreased flavonoid levels in the salt-sensitive inbred line. The contrasting CHI expression patterns observed in seedling roots of 'D340' and 'N1145' may be partially responsible for the different salinity tolerances of these two maize inbred lines.
Carbohydrate metabolism
Proteins associated with two different carbohydrate metabolic pathways were uncovered in this study. Two proteins (spots A6 and B7) were identified as enzymes participating in the PPP. Some enzymes of PPP play an important role in the stress-induced production of NADPH in animals and plants (Meral et al., 2009) . B7 corresponded to 6-phosphogluconate dehydrogenase (6PGDH), producing a NADPH molecule accompanied by catalytic reaction, is a rate-limiting enzyme in the oxidative PPP (Alam et al., 2011) . In our study, it was up-regulated under salinity treatment only in the salttolerant inbred line, suggesting that the enhancement of the oxidative PPP occurred only in that line. In rice, 6PGDH protein and transcript levels are up-regulated in response to salt stress (Huang et al., 2003; Hauschild and von Schaewen, 2003; Hou et al., 2007; Witzel et al., 2010) . Spot A6 was identified as ribose-5-phosphate isomerase (R5PI), an enzyme in the non-oxidative PPP that catalyzes the conversion of ribulose-5-phosphate to ribose-5-phosphate. In this study, it was down-regulated under salt stress only in the tolerant inbred line. The oxidative PPP provides reduced NADPH, which acts as an electron donor to cytochromes and other electron carriers during biosynthesis of energy (ATP), and thus ensures the availability of ATP for synthesis of plant stress-responsive proteins. 6PGDH and R5PI activities were respectively up-and down-regulated in N1145 seedling roots during different phases of the PPP. We infer from these results that the tolerant inbred line can enhance its energy utilization efficiency by increasing 6PGDH activity and decrease unnecessary energy consumption by down-regulating R5PI. 6PGDH genes may be appropriate indexes for enhancing plant salt tolerance.
The other protein related to carbohydrate metabolism, spot D8, was identified as cytoplasmic malate dehydrogenase (cyMDH). In our study, this enzyme was up-regulated under salt treatment only in the sensitive inbred line. It is up-regulated in wheat under drought conditions and in cucumber under salt stress (Du et al., 2010; Ge et al., 2012) . Yao et al. (2011) have reported that overexpression of cyMDH can improve growth, increase cold and salt tolerance in apple and tomato.
To summarize, the TCA cycle was unaffected by salt stress in the salt-tolerant inbred line, and this insensitivity to salinity was coupled with up-regulation of the energyproducing phase of the PPP to combat stress injury. In the salt-sensitive inbred line, in contrast, salt stress upregulated MDH activity but not the oxidative PPP phase. We infer from these results that the salt-tolerant maize line produced more energy by the PPP and the TCA pathway, giving it more tolerance compared with the salt-sensitive inbred line.
Protein metabolism
We identified 10 salt stress-responsive proteins involved in protein metabolism, which can be categorized into three groups (Figure 2 ). There were three protein spots with the function of protein biosynthesis in the first group, one translation elongation factor (spot B4) and two translation initiation factors (spots C3 and C13). The salt stress only up-regulated translation elongation factor (spot B4) in tolerant maize inbred line (Table 1) . Nam et al. (2012) have reported that two translation elongation factors are up-regulated under salt stress in rice. Under salt stress, the translation initiation factors (spots C3 and C13) were significantly (p < 0.05) down-regulated in sensitive maize inbred line, but were unaffected in the tolerant line. The initiation and elongation of peptide chains rely on these proteins (Wan and Liu, 2008) . Previous studies have suggested that translation initiation and elongation factors play key regulatory roles in plant growth and stress responses (Sahi et al., 2006; Ma et al., 2010) . Our results suggest that the biosynthesis of these proteins under salt stress was increased in the salt-tolerant line, but was decreased in the salt-sensitive line.
The second group was related to protein folding and assembly, including: refolding protein (spot D14), TCP-1 chaperonin isoform 3 (spot D16) and TCP-1 chaperonin isoform 2 (spot D17). Under salt stress, all three proteins were significantly (p < 0.05) up-regulated in the sensitive maize inbred line but not in the tolerant inbred line. Refolding protein and chaperonin are responsible for restoration of the biological activity of unfolded and misfolded proteins, taking a protective role combat with stress (Wang et al., 2004) . In our study, the exclusive up-regulation of refolding protein and chaperonin in the sensitive maize inbred line under salt stress led to the following conclusion: while the sensitive inbred line suffered severe damage, the tolerant inbred line underwent only mild injury, eliminating the need for this repair mechanism.
The third group was involved in the protein proteolysis pathway including six proteins (spots B1, B5, C4, C6, C7, and C10). These proteins, identified as proteasomes, were up-regulated under salt stress in salt-tolerant 'N1145' and down-regulated in salt-sensitive 'D340'. In previous studies, the involvement of proteolytic pathway proteins such as proteases in salt tolerance has been inferred on the basis of increases in transcript levels or enzyme activities (Manivannan et al., 2008; Li et al., 2009; Zhou et al., 2010) . Our results indicate that a plant might increase its salt tolerance by enhancing its protein proteolysis capacity.
Energy and transport
Ion toxicity is one of the most severely damaging consequences of salt stress. To cope with ion imbalance, plants have developed the mechanism of ion compartmentalization to maintain ion homeostasis (Tester and Davenport, 2003) . ATPases supply driving force for ion compartmentalization by ATP synthesis and/or hydrolysis. We identified two mitochondrial ATP synthase proteins (spots C14 and C15) in this study. Both proteins were down-regulated in seedling roots of 'D340', but were not detected in 'N1145'. The mitochondrial ATP synthase complex mediates transportation of H + ions from the outer compartment to the inner mitochondrial matrix via its channels, producing a proton-motive force that drives the transport of all other ions and metabolites (Zhu, 2003) . Because the ATP protein was only decreased in the sensitive inbred line, we conclude that salt stress impacted the ion compartmentalization ability of the sensitive genotype but that ion homeostasis of the tolerant inbred line was unaffected.
Transcription
The pathway of transcriptional factors regulation is crucial for plants responding to stress (Jiang et al., 2007) . In this study, we detected three transcriptionalassociated proteins: nuclear cap-binding protein (spot A8), retrotransposon protein (spot A9) and putative MADS-box transcription factor (A10). Cap-binding protein functions in pre-mRNA splicing, a fundamental step in both constitutive and regulated gene expression and often related to stress response (Glisovic et al., 2008) . Retrotransposon protein regulates the transposition of DNA. MADS-box transcription factors are key regulators of several plant development processes (Parenicová et al., 2003) . All three proteins were down-regulated in seedling roots of salt-tolerant 'N1145', but were unaffected in saltsensitive 'D340'. This result suggests that the salt-tolerant maize inbred line may enhance its adaptation to salinity by regulating transcription to control gene expression. Spot D12, DNA repair protein, was up-regulated in seedling roots of 'D340' but undetected in 'N1145'. The DNA of salt-sensitive maize inbred line 'D340' may suffer serious damage under salinity, leading to high abundance of this protein; the degree of DNA injury in 'N1145', on the other hand, was insufficient to elevate abundance of the DNA repair protein.
In this work, a proteomics in response to salt stress in maize seedlings was researched; several metabolism pathways were induced by salt stress. For clarifying precise mechanism in response to salinity for maize, further studies will be conducted. Some targeted proteins should be chosen for studying the transcriptional expression, and the specific mutants should be used to obtain additional evidence. Meanwhile, the correlation between different metabolism pathways should be revealed.
CONCLUSIONS
To investigate global protein changes under salinity, we carried out a comparative proteomic analysis of two maize inbred line (salt-tolerant 'N1145' and salt-sensitive 'D340') using NaCl for salt treatment. We successfully identified 57 protein spots as differently expressed in salttreated maize seedling roots. These proteins involved in antioxidant system, secondary metabolite biosynthesis, carbohydrate metabolism, protein translation, protein refolding, proteolysis, energy metabolism and transcriptional regulation. A few proteins may be applied to prediction of salt tolerance in maize. Additional research is needed to confirm their presence in a wider range of germplasm resources.
